Membranes for pressure driven processes
A more detailed review of membranes and membrane materials has been published before 1 . In this chapter first the state-of-the-art of conventional membranes for pressure driven processes (reverse-osmosis, nanofiltration, ultrafiltration and gas separation) will be summarized, taking in account the most representative examples currently in application. After that the emphasis will be on recent developments of advanced polymeric and organic-inorganic materials for membranes.
Certainly the most used method for polymer porous membrane preparation is the so called "phase inversion", which consists of the induction of phase separation in a previously homogeneous polymer solution either by temperature change, immersing the casting solution in a non-solvent bath (wet process) or exposing it to a non-solvent atmosphere (dry process). The wet process is the most common and is at least part of the industrial production of ultrafiltration, reverse osmosis (RO), and gas separation (GS), giving a high permeable and selective asymmetric structure. Additional thin coating steps can be further performed to give the needed selectivity for RO or GS. The preparation of asymmetric membranes by phase inversion and the influence of parameters such as casting solution composition and temperature have been topic of many reviews 1-6 and will not be detailed here.
Reverse osmosis (RO) membranes
Reverse osmosis is long established as a large scale industrial membrane processes. The large desalination plants around the world are running with reverse osmosis technology. One of the early materials used for membrane production is cellulose acetate, easily prepared by phase inversion with a solution cast on a non-woven and immersed in water. The characteristic structure of an integral asymmetric membrane is formed with a selective top layer and pores of increasing size across the membrane. Cellulose acetate (CA) is still being successfully used, especially in water treatment (in spiral wound modules) with relatively high chlorine tolerance and stability in applications where the feed water has a high fouling potential, such as in municipal effluents and surface water supplies. Thin CA hollow fibers are intensively used for seawater desalination in Saudi Arabia. The handicap of CA membranes is evident for applications in chemical and pharmaceutical industries when organic solvents are part of the feed or in processes operating at temperatures higher than 50°C or pH lower than 3 or higher than 7. For these conditions aromatic polyamides have a much higher solvent resistance and may be used in a wider pH range (pH [4] [5] [6] [7] [8] [9] [10] [11] . The main application is the treatment of brackish water and seawater. They can be produced in very thin hollow fibres with large surface area/volume. The main disadvantages are the very low chlorine tolerance and high fouling propensity. Desalination and waste water treatment need membranes with large flows. A very successful class of membranes for this application is that of "thin film composites" (TFC), prepared by interfacial polymerization on the surface of a porous support. A very good review of composite membranes was published by Petersen [7] [8] . TFC membranes usually allow quite high water flows with low salt solubility. They consist of an ultrathin layer, usually of polyamide or polyetherurea, which is polymerized in situ and crosslinked on an asymmetric porous support, usually polysulfone. Since the dense selective layer is very thin, the membranes can operate at higher flux and lower pressure. The chemical stability is very good, although the chlorine tolerance is low. They can operate in a pH range of between 2 and 11. The membrane preparation consists of immersing the porous support in an aqueous solution containing a water-soluble monomer. After that the support is immersed in a solution of the second monomer in a non-polar solvent. Both monomers are only allowed to react at the interface between organic and aqueous solution, forming a thin polymer layer at the surface of the porous support. As soon as the polymer layer is formed it acts as a barrier for the monomer transport and avoids the continuity of the polycondensation. On the other hand, any defect on the polymer layer is immediately repaired with a kind of self-healing mechanism, since monomer transport and polycondensation is allowed at that point. One of the most successful TFC membranes is the FilmTec FT-30, developed by Cadotte [7] [8] and now commercialized by Dow Water Solutions. The reaction involved in the preparation of the FT-30 is as follows:
The polyamide layer is formed on an asymmetric microporous polysulfone support cast on a polyester support web. The polyester web gives the major structural support and the polysulfone support with small surface pores with diameter of ca. 15 nm is the proper substrate for the formation of a 0.2 μm polyamide top layer. The maximum operating pressure of the FT 30 is about 7 MPa with free chlorine tolerance < 0.1 ppm.
Commercial TFC membranes are well optimized and are in the market for decades, being hard to beaten in terms of performance and cost, but approaches to improve even further the membranes are constantly being proposed. A widespread example is tailoring the polyamide layer with nanoparticles to improve the permeance, chlorine resistance, and fouling resistance of TFC membranes. Nanoparticles are incorporated into the traditional polyamide layer on the TFC membrane to form thin film nanocomposite (TFN) membrane that exhibits improved membrane characteristics such as better performance, increased hydrophilicity and less fouling effect. The concept of TFN RO membrane was reported by Jeong et al 9 by embedding NaA zeolite nanoparticles into the polyamide film. Different nanoparticles (e.g. graphene and graphene oxide, graphene oxide-titanium dioxide, silica, POSS, silver, multiwalled carbon nanotubes) have been used since then as nanofillers to prepare TFN RO membranes [10] [11] .
Although synthetic polymeric membranes are very successful, biological systems are able to work with much higher water permeance and selectivity. Biological membranes are therefore an inspiration for further developments in RO and other fields. The most prominent examples of membranes combining biological and synthetic materials are those based on aquaporin 12 . Aquaporins 13 are membrane proteins that serve as water channels. A single aquaporin can transport water molecules at a rate of ∼10 9 molecules per second with high selectivity to water only. Aquaporin-based biomimetic RO membranes have been prepared with structure similar to TFC RO membranes, containing aquaporin-proteoliposomes in the polyamide layer 12 . The aquaporin-incorporated polyamide layer is formed on a polysulfone support by interfacial polymerization process. With the presence of aquaporin in the polyamide layer, the water flux of the aquaporin-based biomimetic RO membrane increases to 4.13 L m -2 h -1 bar -1 , which is higher than the flux of TFC RO membrane (2.68 L m -2 h -1 bar -1 ), but is still far below the expected based on aquaporin performance in biological systems.
Although the membranes for reverse osmosis are well established in the market, new membranes are required for related emerging fields. This is the case of osmotic power or pressure retarded osmosis plants, a concept, which has been independently proposed in the 70's by Norman 14 , Jellinek 15 and Loeb 16 and is now becoming reality in Norway. An introduction on this technology is given in Ref. 17 . The technology takes advantage of the high osmotic pressure which is built when salt water from the sea meets water from fjords and rivers. The pressure is about 29 bar at 20 o C for 35 g salt/l (sea water). The pressure is enough to move turbines and provide 2.2 MW of energy, working with water flow rate of 1 m 3 /s. In typically large rivers water flows at about 10,000 m 3 /s. For each MW 200,000 m 2 of membrane would be required, meaning a huge market for membranes. The requirements for these membranes are high salt rejection like in reverse osmosis, however with much higher water fluxes, as well as much thinner and opener porous supports. Membranes performance around 5 W/m 2 is needed to make the process economically competitive. Currently the best commercial cellulose derivative membranes have around 1/10 of the needed performance. The best commercial TFC membranes for reverse osmosis would give 0.1 W/m 2 . Membranes developed at the laboratory are available for up to 60 W/m 2 with 3 M NaCl draw solution under the pressure of 48 bar using a TFC flat sheet membrane 18 and up to 24 W/m 2 with 1 M NaCl draw solution under the pressure of 20 bar using a TFC hollow fiber membrane 19 .
Nanofiltration (NF) membranes
While reverse osmosis and ultrafiltration are long implemented in several applications, the lack of available membranes with cut offs between 400 and 4,000 g/mol has been effectively filled much later with the development of nanofiltration membranes. Nanofiltration is important for water softening, removal of organic contaminants, concentration and demineralisation of whey, concentration of sugar and juice, etc. Extensive review on principles and applications of nanofiltration have been published [20] [21] .
Analogously to the RO membranes, interfacial polymerization has been used for the development of NF membranes. Dow Water Solutions offers a series of FILMTEC membranes: NF55, NF70 and NF90 (water flow of NF55 > NF70 > NF90) with rejection of at least 95 % magnesium sulfate. The top layer is a fully aromatic crosslinked polyamide. NF270 is composed of a semi-aromatic piperazine-based polyamide layer on top of a polysulphone microporous support reinforced with a polyester non-woven 22 . The membrane is very hydrophilic and its surface is negatively charged leading to the repulsion of also negatively charged solutes. Hydranautics commercializes the ESNA membrane series, also a thin film composite with an aromatic polyamide layer.
GE-Osmonics (part of GE Water Technologies) commercializes the Desal™ 5 nanofiltration membranes. The membrane has 4 layers, a polyester non-woven, an asymmetric microporous polysulfone and two proprietary thin films, which might be based on sulfonated polysulfone and polypiperazineamide 7 . Desal™ nanofiltration membranes work also at very low pH levels.
Another way to obtain nanofiltration membranes is the modification of reverse osmosis membrane [23] [24] [25] , by treatment with acid, triethanolamine or the coating of ultrafiltration membranes with different polymer solutions [26] [27] [28] like hydroxyalkyl derivatives of cellulose. A new approach was proposed by Lu et al 29 . They deposited six-arm rigid star amphiphiles on a methanol/PVA conditioned polysulfone membrane and stabilized the resulting film by stitching the building blocks. These stars are shape-persistent molecules with hydrophilic arms and a hydrophobic core, which could anchor to the support membrane through noncovalent supramolecular interactions. Rejection of organic contaminants like Rhodamine and As (III) were confirmed.
A key issue for nanofiltration today is the improvement of solvent stability of the available membranes, since it would open a wide range of potential applications in the chemical 30 , food 31 , petrochemical 32 and pharmaceutical 33 industries. The terms "organic solvent nanofiltration" (OSN) or "solvent resistant nanofiltration" (SRNF) are used for the nanofiltration processes in organic solvents. Comprehensive reviews on OSN can be found in previous publications [34] [35] [36] . Stable OSN membranes under harsh conditions have been investigated from both organic and inorganic materials. Major challenges of polymeric OSN membranes are swelling, solvent stability and compaction during the solvent filtration process. The first inorganic OSN membrane made from silica-zirconia is demonstrated by Tsuru et al 37 . Compared to organic OSN membranes, inorganic OSN membranes exhibit much higher stability due to their good chemical stability and resistance to swelling and compaction. However, inorganic membranes are more brittle, less selectivity and high cost. Hence, the up-scalling of inorganic membranes for OSN is difficult.
SelRO® nanofiltration membranes, later commercialized by Koch Membrane Systems, are examples of excellent solvent resistant membranes on the market. OSN membranes are being also commercialized by Evonik and GMT. The Koch MPS-44 and 50 membranes are stable in alkanes, alcohols, acetates, ketones and aprotic solvents. The MPS 44 is a hydrophilic membrane suitable, for instance, for separation processes in solvent mixtures containing water and organics. Solutes with molecular weights around 250 g/ml can then be separated or concentrated, while the composition of the solvent mixture does not change through the membrane. The hydrophilic MPS 50 is a nanofiltration membrane for use in a pure organic medium. The membrane composition is not completely disclosed. Patents of the same company, which introduced them [38] [39] describes the crosslinking of porous polyacrylonitrile (PAN) membranes by immersion in metal alkoxide solutions and heating, leading to insolubility in DMF, NMP or DMSO. Crosslinked PAN membranes coated with polydimethylsiloxane have been tested for filtration of oligomers in organic solvents 40 .
Coating with a hydrophilic polymer (e.g. polyethylenimine), which is later crosslinked, brings the membrane cut off to the NF range. Crosslinked polyimide is among the most explored materials for OSN membranes. Recent comprehensive reviews have been recently published 34, [41] [42] . Other polymers are now being successfully explored: polyoxadiazole 43 , polytriazole 44 , polyketone 45 . The main aims of modifications are to increase membrane surface hydrophilicity and smoothness, and to introduce anti-fouling polymers/particles onto membrane surface. Antifouling coatings using hydrophilic polymeric materials such as zwitterionic polymers 47 , dendrimers [48] [49] , and nanobrushes 50 have shown effectively reduction in the attachments of foulants. The use of plasma for surface modification of micro and ultrafiltration polymeric membranes has been reviewed by Kramer 51 . Surface plasma modification of TFC membranes using low pressure argon plasma activation produces smoother and more hydrophilic polyamide surfaces 52 . Grafting using plasma has been explored for instance by Belfort and Ulbricht [53] [54] . Grafting promoted by UV-irradiation 55 is a common alternative to add quaternary ammonium groups to the membrane surface, increasing the positive charge and control fouling. Another strategy to increase the fouling resistance of membranes is to incorporated small amount of nanoparticles into polymer matrix of membranes or onto membrane surface. Various nanoparticles (e.g. metal based nanoparticles, carbon-based nanoparticles, and nanoparticle composites) have been investigated and are reported in recent review papers [56] [57] . Some developments on technologies for water treatment have been summarized by Shannon et al 58 , including membranes with reduced fouling susceptibility. Reducing operation prices in membrane processes can be achieved if less cleaning is necessary. Furthermore multi-step production of membranes increases price. Taking this in account an interesting approach is the use of additives like comb copolymers with hydrophobic backbones and hydrophilic side chains, which can be automatically positioned in the membrane surface and pore walls during the membrane formation [59] [60] [61] [62] .
Membranes for gas separation
Compared to other fields of membrane application like water treatment, food processing and dialysis, gas separation has still a limited market. Cellulose acetate is still widely and successfully used in the industry also for gas separation. However with the development of new membranes and with the increasing need for clean industrial processes and low emission plants the importance of gas separation is constantly increasing 63 . A motivation is the need for modernization of the energy sector leading to clean refineries, coal power plants and cement industry [64] [65] . Although many processes in this field require high temperature and therefore favor inorganic membranes 66 , polymeric membranes can be potentially be applied for treatment of platformer off-gases (H 2 /hydrocarbon separation) in refineries and for CO 2 separation from other gases in coal plants. Membranes stable till 250 o C would also allow the application in water-gas shift reactors. Developments on membranes for CO 2 separation are being reported in the literature with increasing frequency.
A special class of polymers is constituted by polymers with very high free volumes, like some functionalized polyacetylenes, which are bridging the gap between microporous and "dense" polymeric materials. The best known examples for these polymers are poly (1-trimethylsilyl-1-propyne (PTMSP) and poly (4-methyl-2-pentyne (PMP). Although the PMP was already synthesized in 1982 67 , its high gas permeabilities were first published in 1996 by Pinnau et al 68 at MTR, which evaluated the performance of PMP membranes for hydrocarbon separation. An attractive application of membranes in this field is natural gas hydrocarbon dew pointing, the separation of higher hydrocarbons like butane present in natural gas from methane. The performance of PTMSP and PMP for hydrocarbon separation is superior to all other known polymers. The main reason why these membranes have not been applied in large scale is their capability to strongly absorb low vapor pressure components, leading to a drastically reduced permeability. It has been reported recently, that the flux and even the selectivity of PMP and PTMSP can be enhanced by the addition of nano-particles [69] [70] . Merkel et al 69 added fumed silica to PMP and observed a simultaneous increase of butane flux and butane/methane selectivity. This unusual behaviour was explained by fumed-silica induced disruption of polymer chain packing and an accompanying increase in the size of free volume elements through which molecular transport occurs. Gomes et al 70 incorporated nano-sized silica particles by sol-gel technique into PTMSP and found also for this polymer a simultaneous increase in flux and selectivity. It has to be studied, if physical aging of the polyacetylenes is reduced by the addition of nano-particles.
Membrane separation is an emerging technology for CO 2 capture. With increasing energy costs methane purification from biogas becomes more and more attractive. Large international projects evaluate the possibility to capture carbon dioxide from flue gas by membrane separation. Freeman et al 71 have reported an overview on material selection for membrane preparation to remove CO 2 from gas mixtures. CO 2 solubility and CO 2 /gas solubility selectivity in solvents and polymers containing different polar groups have been extensively explored. Ethylene oxide (EO) units in the polymer are one of the most useful groups to achieve high CO 2 permeability and high CO 2 /light gas selectivity. Homo-poly (ethylene oxide) (PEO) consists of EO monomeric units, but its disadvantage is the strong tendency to crystallize and consequently it presents low gas permeability 72 . Block copolymers containing EO units as poly (amide-b-ether) have been shown as alternative material for this purpose. Copolymers of this type are produced under the trade name Pebax ® ARKEMA. The PA blocks provide the mechanical strength and gas transport occurs through the PEO phase. Block copolymers with immiscible soft and rigid blocks like Pebax ® can form various microphase-separated structures. Varying the polyamide and polyether segment, molecular weight and the content of each block, the mechanical, chemical, and physical properties can be conventionally modeled. Pebax ® has been demontrated as promising membrane materials for acid gas treatment 73 . Bondar et al 73 have studied CO 2 /N 2 and CO 2 /H 2 separation using different grade of Pebax ® membranes. They have reported high CO 2 /N 2 and CO 2 /H 2 selectivity, which were attributed to high CO 2 solubility due to the strong affinity of the polar ether linkages for CO 2 . Kim et al 74 have also reported high permeability and high selectivity for CO 2 over N 2 as well as SO 2 over N 2 , and these properties were attributed to polarizability of gases due to PEO segments. Mesoblends of polyether block copolymers and poly (ethylene glycol) (PEG) were generated by Patel and Spontak 75 and it was found that CO 2 /H 2 selectivity can be improved by incorporation of PEG. The effect of PEG in the polymer chain to CO 2 transport properties in different polymer systems was also described by other researchers [76] [77] [78] [79] [80] and it was proven that EO units influence CO 2 transport in glassy and rubbery polymers. It was shown recently that blends of low molecular weight with Pebax exhibit exceptional properties for carbon dioxide separation [81] [82] .
A new class of polymers with high free volumes has been introduced recently by Budd et al 83 . The molecular structure of these polymers contains sites of contortion (e.g. spirocenters) within a rigid backbone (e.g. ladder polymer). The inventors call this polymer class "polymers of intrinsic microporosity (PIMs)" 84 , because their porosity arises as consequence of the molecular structure and is not generated solely through processing. Recently the tertiary structure of these polymers have been confirmed by molecular modeling [85] [86] . The gas permeation properties of membranes formed from PIM-1 were first reported in 2005 87 and since then has been explored by different groups [88] [89] [90] [91] [92] . With an oxygen permeability of 370 Barrer and an O 2 /N 2 -selectivity of 4.0 PIM-1 showed an extraordinary behavior as gas separation polymer. However, long-term measurements revealed a physical aging of PIM-1 analogous to PTMSP, which resulted in reduced permeabilities. Aging problems are still an issue 92 , but PIM-related polymers are a highly interesting polymer class for fabrication of gas separation membranes.
Another class membranes, which emerged in the last decade is that based on thermally rearranged polymers 93 . These are membranes mainly prepared from functionalized polyimides and submitted to thermal treatment, leading to rearrangement and conversion to rigid structures with heterocyclic rings, which include polybenzoxazoles and polybenzimidazoles.
Mixed-matrix membranes
Many of the more recent membranes are not only polymeric but contain an inorganic phase. The advantage of organic-inorganic materials for membranes is the possibility of achieving synergetic effects on permeability and selectivity, as well as introducing new functionalizations and improving mechanical and thermal stability. Tailoring innovative materials with organic and inorganic phases coexisting in a nanoscale with multifunctionalization is an appealing approach to control at the same time free volume and gas solubility.
The most representative examples of introducing permeable inorganic fillers in a polymeric matrix for separation purposes are the so called mixed matrix membranes. Not only rather passive particles are included, but molecular sieves such as zeolites and also functionalized fillers, which might be much more active in the separation process. The term "mixed matrix membrane" has been introduced by Kulprathipanja et al 94 , who performed pioneering work in the field of polymer/zeolite hybrid membranes. They showed that the CO 2 /H 2 -selectivity of cellulose acetate could be reversed by addition of silicalite. The silicalite-CA membrane had a CO 2 /H 2 -selectivity of 5.1, whereas the pure CA membrane exhibited a selectivity of 0.77.
Hennepe et al 95 incorporated for the first time silicalite in PDMS for pervaporation and increased the ethanol/water selectivity significantly under steady state conditions. Jia et al 96 pioneered the use of mixed matrix membranes with zeolites, using a similar approach (silicalite in PDMS). The gas selectivity could be changed due to a molecular sieving effect. However, the effects were initially too small to be of any interest for practical applications. One problem of these membranes was that the permeability ratio P PDMS /P zeolite was too high (see equation 2).
The formation of polymer chains or networks with organic and inorganic segments has been used by different membrane groups. Molecular sieves such as zeolites have a much higher selectivity for many gas mixtures than polymeric membranes due to their well-defined pore sizes. The preparation of defect-free zeolite layers on a large scale is extremely difficult. The possibility of incorporating zeolites into a flexible organic polymer matrix enables the combination of the superior gas selectivities of these molecular sieves with the processibility of polymeric membranes 97 .
The estimation of the permeability and selectivity of membranes with permeable fillers can be done using the equation derived by Maxwell 98 to calculate the electric conductivity of a metal in which small spheres of a second metal are dispersed. The permeability of the membrane to a defined gas follows equation 1:
The selectivity for gases 1 and 2 of a membrane prepared with a continuous phase of permeabilities P c1 and P c2 and a dispersed phase with permeabilities P d1 and P d2 can be calculated therefore by equation 2:
where α c and α d are the selectivity of the continuous and dispersed phases for the gas pair 1 and 2; P rel is the permeability ratio between continuous and dispersed phase.
From this equation it can be seen that the selectivity is highly dependent on the permeability of the filler and of the matrix. When the polymer permeability is too high the selectivity of the mixed matrix membrane approaches the polymer selectivity. However if the permeability of the filler and the matrix are not too far apart, the properties of the membrane will have a large contribution from the highly selective filler. The compatibility between inorganic molecular sieves and polymers is very important in order to eliminate gas diffusion pathways at the interface between them, as discussed by Moore and Koros 99 .
Next generation of organic membrane materials
The phase inversion membrane manufacture process was responsible for the breakthrough of the membrane technology and its implementation in numerous industrial applications. New advanced filtration processes are now conceivable but they require membranes with much narrower pore size distribution and better chemical resistance. A sharp pore size distribution can only be obtained with the implementation of new materials and new manufacture technologies. Approaches under investigation to tailor pore size include block and graft/comb copolymers, which self-assemble to form regular nanopores.
Furthermore new separation tasks could be fulfilled if the membrane pores would specifically respond to different stimuli and act analogously to biological gates. It is also possible to imagine membranes, which are self-cleaning with fouling-resistant surfaces, as well as selfhealing membranes. The most inspiring source for new developments is nature itself, full of supramolecular chemistry, self-assemblies, controlled textures, sophisticated architectures and functional systems. The following sessions will discuss how to tailor pores using selfassembly approaches, how to produce hierarchical structures using organic-inorganic materials, how to promote a jump in the current membrane properties by using nanotubes and how to manufacture a new generation of membranes, which react to external stimuli.
Molecularly imprinted membranes
One elegant and very specific way to control pore sizes is the concept of molecularly imprinted membranes. This approach has been explored by different groups [126] [127] . A nice review on that and other functional membranes has been published by Ulbricht 126 . One procedure to prepare imprinted membranes is the polymerization of a functional monomer in the presence of an analyte (template), which will be imprinted in the polymer and later extracted 127 . The extraction gives a specific recognition site able to selectively bind analogous molecules. Other procedure is the preparation of membranes from polymer blends via phase separation. One polymer has the function of building the membrane structure and is chosen among those well investigated for phase inversion asymmetric membranes (e.g. cellulose acetate, polysulfone and polyacrylonitrile). The second polymer is added to provide strong interaction with the small molecules, which are included as templates. The small template molecules are added to the casting solution, and after a fast membrane formation by phase inversion in a coagulation bath, are extracted, leaving sites which are particularly favored for accommodating other analogous molecules in a filtration process. Since the sites are expected to have a certain chemical affinity for the original molecule, the functional mechanism is similar to antibodies or enzymes.
The challenges in molecular imprinted membranes preparation are to optimize its recognition ability and membrane transport properties simultaneously. One promising approach to overcome this problem is fabrication of composite membranes, which can be obtained by surface/pore functionalization. For instance, Son and Jegal 128 employed interfacial polymerization, a commonly used technique for the preparation of reverse osmosis membranes, to form a molecularly imprinted polymer layer on polysulfone supports for chiral separation 128 . The thin layer of formed polyamide can keep high permeation rates. Similar in situ polymerization of molecular imprinted polymers can be performed onto the pore surface of supports to generate "smart" gates for efficient separations. Other potential strategies are development of novel materials such as functionally designed copolymers [129] [130] [131] , novel polymer blends 132 or incorporation of molecular imprinted polymer particles into membranes [133] [134] .
Block copolymers
Block copolymers have been proposed for pore formation in membranes for a long time [135] [136] [137] [138] [139] [140] [141] . Ishizu et al 137 used block copolymers to develop charge mosaic membranes, polymeric films with microphase separation containing both negatively and positively charged phases. Pebax® is an example of a commercial block copolymer of polyamide and polyethylene oxide. Lee et al 136 synthesized copolymers with one block containing isoprene and the second functional silyl groups. The immiscibility between the two different blocks led to microphase separation. The dense films were crosslinked by promoting the hydrolysis and condensation of the silyl-containing blocks. The isoprene blocks were decomposed with ozone and further leached with solvent, creating pores in a polysiloxane matrix. The pore size could be controlled, by using copolymers with bocks of different sizes. Phillip et al 138 prepared membranes based on triblock copolymer of polylactide-poly (dimethylacrylamide)-polystyrene (PLA-PDMA-PS). By controlling the relative block length, spherical domains, lamellae and cylinders of PLA coated with PDMA in a continuum of PS could be obtained. The PLA blocks were then removed by etching with aqueous base to form regular pores with a diameter of 13.7 nm. One of the main problems is however to established a method to vertically orient microdomains and ensure pore connectivity from one side to the other. One possibility is the application of external fields [139] [140] . Ikkala and ten Brinke 142 summarized the potential application of self-assembly of polymeric supramolecules as basis for tunable nanoporous materials and smart membranes. Peinemann et al 141 introduced the preparation of integral asymmetric isoporous membranes by combining self-assembly and non-solvent induced phase separation. Since then membranes from block copolymers have strongly developed [143] [144] . They have been prepared as flat-sheet, hollow fibers 145 and porous spheres 146 . pH response has been demonstrated, indicating that membranes could be applied as chemical gates [147] [148] . Photoresponse has been more recently reported 149 . Pores can be tuned by changing the block length, by introducing additives. Pore decrease to nanofiltration range could be obtained by blending copolymers of different sizes and compositions 150 . By incorporating metallic particles such as gold 145 or silver 151 , catalytic or biocide activities can be added to the membranes.
Next generation of organic-inorganic membranes
Combining organic and inorganic materials for membrane development is a versatile and successfully growing strategy. The main approaches include mixed-matrix membranes with metal oxides, zeolites, metal-organic frameworks (MOFs) and carbon fillers. The inorganic phase can be incorporated by mixing as filler or by in-situ generation. Briefly discussed in this section is the organic modification of previously formed inorganic membranes.
Mixed-matrix membranes (MOFs and zeolites)
There are still manufacturing problems to be solved, before mixed matrix membranes will be introduced in commercial gas separation at large scale. We see an increasing number of patents filed by big companies active in gas separation [100] [101] [102] [103] , and it can be concluded, that mixed matrix membranes are on the brink of practical application. The development of new mixed matrix materials for gas separation will remain an attractive research field. Besides classical zeolites and carbon molecular sieves new selective adsorbants have to be considered. The research on MOFs [104] [105] , three-dimensional nanoporous (3D)-networks of transition metal complexes, for membrane application, has substantially grown in the last decade [106] [107] [108] [109] [110] . A huge number of architectures have been published in the last years. The possibility of tailoring the structures and choosing the right linkers to build networks with sieve dimensions able to discriminate gas permeants is particularly attractive for membrane development and storage 111 . MOFs are analogous to zeolites, but with the chemical diversity of polymeric compounds. MOFs exhibit a very high porosity with exactly tailorable pore sizes. Preparation MOF-polymer mixed matrix membranes without cracks and defects is challenging due to compatibility. Stability is in many cases an issue. Zeolitic imidazole frameworks (ZIFs) [112] [113] [114] can be seen as a sub-category with high stability, compatibitily and high performance in CO 2 separation. Analogous materials, which are fully organic with strong covalent bonds, covalent organic frameworks (COFs) 115 , are more recently being considered for membrane fabrication [116] [117] . COFs can be prepared as 2D or 3D structures 117 .
2D materials with layer-like structures, characterized by a high aspect ratio, are of interest in mixed matrix membranes because their nano-thin sheets can act as a barrier to restrict the diffusion of large molecules, while their nano "perforations" expanding on the layers and across their thickness will allow the transport of small molecules. As a result, the membranes can be useful in molecular sieving applications such as gas separation, water or organic purification. Graphene, which is a single-atom thick 2D carbon material, is one of the most discussed 2D materials for membranes and will be discussed later in this section.
Besides graphene, layered oxide 2D materials such as clay, AMH-3 and MFI, titanosilicates (JDF-L1) and aluminophosphates (AIPO) have been explored as molecular sieve. A single sheet of clay has a thickness of ~ 1 nm and its structure typically consists of Al-Mg octahedral sheet sandwiched between two Si-Al tetrahedral sheets. 65 . Layered MFI can be obtained by using a new structure-directing agent (SDA) with a long-chain C 22 alkyl group in its synthesis process. This long-chain group restricts crystal growth in the perpendicular direction and hence a nano-thin MFI sheet of 2 nm can be generated in a one-step hydrothermal reaction.
The layered titanosilicate JDF-L1 consist of two TiO 5 square pyramids and four SO 4 tetrahedra has 6 MR pores with a small size of ~ 0.3 nm, which may be suitable for hydrogenselective membranes. Galve et al 120 incorporated JDF-L1 into copolyimide and demonstrated a significant improvement in H 2 /CH 4 separation.
Porous AIPO can be synthesized into 2D layers if using a suitable SDA. The conventional 3D AIPO has the Al/P ratio of unity. It has been demonstrated that lowering the Al/P ratio from unity decreased the dimensionality of the connectivity in the framework and hence layered AIPO is negatively charged with Al:P ratios of less than unity 121 . The polyimide membranes embedded with porous layered AIPO with the effective pore size of 0.44 nm × 0.33 nm × 0.32 nm showed significant improvements in O 2 /N 2 and CO 2 /CH 4 separations 122 . Unlike JDF-L1, however, layered AIPO has net-like morphologies with a very thin thickness of ~ 0.5 nm and hence it is more fragile leading to lower stability during swelling and exfoliation processes 123 . Although 2D materials have showed their great potential for future development of mixed matrix membranes, there are still challenges in their nanocomposite preparation and controlling the exfoliation of the layers in the polymer matrix is essential. Melt-bending, which is an attractive method for exfoliative dispersion, is inapplicable for perm-selective polymers such as polyimide, cellulose acetate and polyvinyl alcohol because they are not melt-processable and generally prepared by solution casting. However, attempts to exfoliate porous 2D materials in the membranes fabricated by solution casting failed because of their strong aggregation 124 . To overcome this drawback, an active exfoliation process was applied by using high-shear mixing to exfoliate swollen AMH-3 in cellulose acetate solution and a high degree of exfoliation with a small number of layers (4) (5) (6) (7) (8) in the exfoliated flakes was obtained 125 . Other techniques which may be potential for membrane fabrication with exfoliated 2D materials are in situ polymerization and sol-gel processing but neither of them has yet been applied 123 .
The inorganic phase can be formed in situ and take advantage of self-assembly. The concept of molecular self-organization and self-assembly first from small molecules to supramolecular structures, a bottom-up strategy introduced by Lehn 152 . Barboiu et al [153] [154] has been using the self-organization of organic-inorganic molecules to prepare hybrid membranes by the sol-gel process. The membranes can function for instance as an ion-powered adenosine triphosphate pump. For the membrane formation molecules containing macrocyclic groups (e.g. crown ether) are self-organized in solution forming a superstructure with strong H-bonds, which is later polymerized by sol-gel, forming a hybrid heteropolysiloxane material.
Nature can be the best inspiration for new organic-inorganic materials 155 . Silicic skeletons of unicellular organisms Radiolaria and diatoms have a regular complex and finely porous morphology. A big challenge is to manufacture membranes with similar pores. In the last years some approaches have come, bringing some possibility in this direction. Wiesner [156] [157] [158] uses block copolymers and inorganic precursors to create regular organic-inorganic structures. An example is the use of an amphiphilic poly (isoprene-block-ethylene oxide) block copolymer (PI-b-PEO) in combination with 3-(gycidyloxypropyl)trimethoxysilane, GLYMO, and aluminum sec-butoxide, which by sol-gel synthesis generates an organically modified aluminosilicate network. A regular porous structure results after calcination.
Another interesting organic-inorganic nanoporous materials with potential use for membranes are periodic mesoporous organosilicas with domain functionality [159] [160] . Organic groups embedded into pore walls brought a new direction in the research of mesoporous molecular sieves. These materials are synthesized using bridged organosilica precursors ((EtO) 3 Si-RSi(OEt) 3 ) in conditions analogous to those for the preparation of mesoporous silicas. Compared to pure mesoporous silica the organic modification allows tuning hydrophobicity and hydrophilicity of the porous network. Compared to microporous zeolites, they feature increased pore dimensions and the ability to control the molecular recognition properties of the porous network by altering organic functionalities. Mesoporous silica with -CH 2 -CH 2 -/-CH=CH-bridges and with benzene rings have been reported, which can be used for further functionalization.
Membranes with Carbon Fillers
The preparation of carbon membranes has the motivation of high thermal stability (in nonoxidative environment) and the possibility of operation in the presence of organic solvents. Carbon molecular sieve (CMS) membranes are usually obtained by pyrolysis of organic polymers like cellulose 165 and polyimide 166 . The porous structure can be tailored by choosing the right polymer precursor, the pyrolysis temperature and environment and the time spent at this temperature. A detailed review of carbon molecular sieve membranes is beyond the scope of this chapter. "Exotemplating" is an alternative method for preparation of hierarchically structured meso-macroporous carbon materials. In this approach a suitable template such as alumina membranes, zeolites, zirconia and mesoporous silica is impregnated with a carbon precursor such as sucrose and carbonized under non-oxidizing conditions. The template is then washed out with fluoridric acid. Carbon porous structures with aligned macrochannels were reported by Su et al 167 .
However carbon membranes have drawbacks, which have still hindered their successful industrial application. They are brittle and the production process in large scale is much more expensive and complex than that of polymeric membranes. Promising approaches for polymeric membrane development are being reported in the last years using different geometries of carbon fillers: carbon molecular sieves, fullerenes and carbon nanotubes.
The dispersion of carbon molecular sieves (CMS) as filler for Matrimid ® 5218 and Ultem ® 1000 has been successfully explored by the group of Koros in mixed-matrix membranes 168 . It was shown that the CMS particles produced a membrane having significantly enhanced effective permselectivities (CO 2 /CH 4 and O 2 /N 2 ) and fast-gas permeabilities (CO 2 and O 2 ) over the intrinsic properties of the pure polymer matrix phase alone. For the CO 2 /CH 4 separation, enhancements by as much as 45% in CO 2 /CH 4 permselectivity and 200% in CO 2 permeability over the corresponding intrinsic permeation properties of the pure polymer matrix phases were observed.
Homogeneously fullerene-dispersed membranes for gas separation were first prepared using a matrix of poly (1-trimethylsilyl-1-propyne) 169 . The fullerene in that case was just physically dispersed. Sterescu et al 170 prepared poly (2, 6-dimethyl-1, 4-phenylene oxide) (PPO) membranes with covalently attached fullerenes (C 60 ). The idea was that their hard-sphere properties may inhibit molecular polymer-chain packing possibly resulting in a high free volume. The PPO-bonded C 60 membranes exhibit significantly higher gas permeability (up to 80%) in comparison to pure PPO, without compromise in selectivity.
Carbon nanotubes (CNT) offer a unique combination of properties: high aspect ratio/high surface area, electron conductivity, superhydrophobicity and frictionless surfaces to lead to fast fluid flow, simple functionalization and dispersion in organic polymers, capability to enhance mechanical strength with small filler content as well as the potentially close control of pore dimension at the nanometer scale [171] [172] . Furthermore the functionalization can be directed to the entrance of the CNT, giving an excellent opportunity for developing gates for separation.
During the CNT growth process, the nanotube size is set by the diameter of the catalyst particle [173] [174] , offering a practical route for pore diameter control through well-determined catalyst synthesis. From the point of view of membranes, including nanotubes with welldefined inner core sizes into membranes shall enable a fine control of pore dimension at the nanometer scale. These characteristics started to be explored in membrane applications for gas and liquid separation [175] [176] [177] [178] [179] . Hinds et al 175 made a pioneering contribution, reporting on the preparation of an aligned CNT membrane for gas permeation and for transport of Ru(NH3) 6 3+ ions in aqueous solution. He followed theoretical predictions 175 , which suggest that the diffusivity of light gases inside CNTs with diameter around 1 nm to be orders of magnitude higher than in other porous structures like zeolites, due to the inherent molecular smoothness. After the first simulations 178 of water transport in nanotubes, experimental results also demonstrated higher than expected flow rates, making CNT membranes promising candidates for water desalination with the possibility of tailoring the tube diameters to retain salt 180 . Salt rejection coefficients that match or exceed those of commercially available nanofiltration membranes, while exceeding their flux by up to four times 181 .
CNTs have also been proposed for manufacturing electrodes for water desalination promoting flow through capacitor 173 . Furthermore, they are considered as mechanical support for catalysts 174 and could therefore be an attractive additive in the design of a new generation of catalytic membranes. Furthermore by choosing nanotubes with suitable electron conductivity and controlling their distribution in the polymer electrolyte, an optimum catalyst-electrodeelectrolyte interphase layer could be tailored 172 .
However although the idea of using nanotubes for membranes is fascinating, there are many challenges involved. A first challenge is to prepare the polymer composite with aligned CNTs and free of defects. Another possible issue is the propensity for fouling given the hydrophobic nature of CNTs. CNT alignment has been claimed to be advantageous in different membrane applications. Some authors 182 predicted higher gas permeability when the CNTs are aligned. Furthermore for the aligned tubes superhydrophobicity might be much more evident. Different alignment strategies have been reported in literature 177, [183] [184] [185] . Nednoor et al A very interesting property of CNTs is the superhydrophobicity. Once water is inside the pores an exceptional flux is observed, exceeding all the initial predictions. The high flux may be due to the carbon nanotubes' atomically smooth, hydrophobic walls allowing considerable slip of water through the pores 58 . However for water to wet the nanotube membranes, some work is required. Modifying the surfaces of the membrane, as discussed for nanofiltration membranes, can alter the surface properties, and thus potentially decrease the energy barrier to enter the tubes. Wang et al 187 studied the effect of the application of external potential on the droplet stability and wetting behavior of water on CNTs and demonstrated that water can be efficiently wet and pumped through superhydrophobic aligned multiwalled nanotube membranes by application of a small positive DC bias.
Membranes containing carbon nanotubes are therefore considered to have a great potential for water desalination 179 . As mentioned before the water desalination with membranes is an established process and some of the currently used membranes have been developed for decades. According to recent papers, a new generation of membranes could be feasible with nanotubes, inspired by biological water pores, known as aquaporins [188] [189] . The flow rates of water through nanotubes have been reported to be exceptionally high and independent of the tube length. The use of nanotubes in membranes might make real the dream of mimicking protein ion channels by precisely gated with selective and reversible chemical interactions. With this idea Nednoor et al 183 prepared membranes with aligned carbon nanotubes, after activating the CNT tips to have carboxylic groups, and further derivatized them with a molecule that binds to a bulky receptor. The receptor can open/close the pore entrance. Successful results were demonstrated by functionalizing nanotubes with a desthiobiotin derivative that binds reversibly to streptavidin.
Majumder et al 190 proposed the use of CNTs for volatage gated membranes, taking advantage of the fact that CNTs are conductors inside an insulating matrix allowing for the concentration of electric field at the tips. Modest voltages (100mV) could then be applied to control the steric environment of the channel entrance.
Besides the functionalization, technological challenges for carbon nanotube membranes will be the scaling up, increasing the pore density per area of the active layer, and decreasing the cost of membrane fabrication. However the synthesis of carbon nanotubes is becoming less expensive and at least multi-wall CNTs are already available now in large scale.
Graphene is of interest as advanced material for various membrane-based separations, because of its exceptional physical and thermal properties and atomic scale thickness. Its atomic scale pores generated by chemical or thermal treatment can play as robust channel for water transport or ion, gas and nanoparticle separations. A detailed review on graphene membranes is beyond the scope of this chapter. Pristine graphene is not promising for hybrid membranes, because it does not form homogeneous composites with polymer matrix. On the other hand, graphene oxide (GO), the oxidation state of graphene nanosheets, could be an attractive candidate as a carbon filler because it contains epoxide, hydroxyl, and carboxylic acid groups at the edges and basal plane of the nanosheets, which can provide good compatibility with polymers. When appropriately embedded into the polymer matrix, GO can significantly improve mechanical properties of the polymer host, even at low filling amounts 191 .
When oriented horizontally in the polymer matrix, GO nanosheets may act as barrier, because they hinder diffusion pathway of permeating molecules across the membranes. A certain small amount range of GO can produce tortuous pathways which restrict the diffusion of larger molecules while still allowing smaller molecules diffuse with less resistance. This effect leads to enhancement in gas selectivity. This advantage may be lost when high fraction of GO added into the polymer matrix because the high tortuosity may not distinguish the penetrants based on their molecular size. Another application of GO in carbon-filler membranes is to prevent the aggregation of CNTs because of its strong steric effect 192 .
Furthermore, GO-embedded membranes are of interest in water desalination because of the hydrophilic nature of GO, which can improve water flux, salt rejection and antifouling propensity. For instance, Wang et al 193 demonstrated PVDF ultrafiltration membranes with a small GO loading amount of 0.20 wt.% achieved approximately doubled permeability and tensile strength. In addition, the increase in hydrophilicity of the membranes was validated by the decrease in contact angle, which implies a possible improvement in anti-fouling ability.
GO is preferred over CNTs because of its higher surface area, flexibility and lower cost. In comparison to isotropic CNTs, GO nanosheets with a high aspect ratio are hypothesized to provide high separation performance at a much lower loading for the polymer matrix 123 . Regarding to membrane fabrication and scale-up, GO nanoscopically thin flakes are more favorable because of their ability of incorporation into ultra-thin active layers of membranes such as skin layers of hollow fiber membranes 194 .
Organically modified inorganic membranes
In this chapter emphasis is given to polymeric membranes and polymeric membranes with inorganic components. On the other hand, inorganic porous sieves can be functionalized with organic segments 161 . The early efforts to graft organic groups into the micropores of zeolites generally failed, resulting in the modification of primarily the external surface of the crystals. The first microporous, crystalline silicates with organic groups covalently bound within the micropores 162 were made by adding organosilanes [(CH 3 O) 3 SiR] to the silicate synthesis gel and incorporating into the zeolites during synthesis, yielding organic-functionalized molecular sieves with potential application for catalysis.
Ordered anodized alumina substrates are available with very regular pores, which can be functionalized by using silanes. They can work then as scaffolds with selective gates on the pores if surface bound molecules that change conformation with pH are further attached to the silanes functionalities [163] [164] .
Responsive membranes
A concept which is leading to new generation of advanced membranes is that of switchable surfaces. A review on intelligent surfaces was published by Gras et al 195 .
Response to temperature
The response of polymers to stimuli has been known for a long time. Probably the most reported and well investigated effect of this kind is the contraction and expansion of polymer chains in solution by simply changing the temperature. Heskins and Guillet 196 published in 1968 their investigation on poly (N-isopropylacrylamide) reporting that the system has a lower critical solution temperature (LCST) at 32 o C. Polymer-solvent interactions in general can improve or deteriorate as the temperature increases. Numerous systems are known for which the thermodynamic conditions for polymer dissolution improves with the temperature. In this case the thermodynamic phase diagram is determined by upper critical solution temperatures, below which demixing occurs. This is the case for instance for water/poly (ethylene glycol) and many polymers in organic solvents. On the opposite the solubility of poly (N-isopropylacrylamide) increases when the temperature decreases. Above LCST water becomes a bad solvent for this polymer. The polymer chains react then by contracting themselves above the LCST and expanding below it. In the particular case of this polymer, the expansion is due to strong hydrogen bonds between the amide groups in the polymer chains and the surrounding water molecules. Water is in this form retained in the polymer gel. As the temperature increases above the LCST, the polymer hydrophobic groups are exposed and the hydrogen bonds with water are interrupted. The water molecules are squeezed out of the gel while the polymer chains shrink 197 .
With an LCST near the body temperature this system was predestinated for biomedical applications, being the object of investigation for drug delivery 198 , bioseparation 199 , enzyme immobilization 200 and cell culture for tissue engineering 201 .
Another very interesting aspect of analogous systems is that the LCST can be shifted if additional factors like pH or ionic strength are changed. However although thermoresponsible gels have been found applications for instance in chromatography, their application in the membrane manufacture came much later, since as a film they are not selfsupportable. Different approaches have been used to overcome this disadvantage, mainly the copolymerization and preparation of phase inversion porous membranes [202] [203] [204] and the manufacture of composite membranes by grafting onto high-strength polymeric micro-porous membranes like track-etched polycarbonate 197, 205 , PET [206] [207] , polysulfone 208 , poly(vinylidene fluoride) 209 , polypropylene 210 or alkali-modified cellulose acetate membranes 211 ; and nanofiber membranes like polyurethane 212 . Different in situ polymerization techniques are used for grafting like plasma-induced 213 , photo-initiated 206 , surface-initiated atom transfer radical 214 and reversible addition fragmentation chain transfer polymerization 215 .
Besides temperature there is a large variety of external stimuli, which can trigger changes in surface hydrophobicity, including electrical, electrochemical and photonic effects.
Electrochemical response
By applying voltage to a surface, electric charge is generated and wettability and even chemical properties can change [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] . This effect is achieved for instance by changing the redox state. A conceivable membrane could have redox-active groups attached to its pore walls. The groups could be oxidized by the electric charge, forming cations and making the membrane hydrophilic, analogously to what is observed for surfactants. After withdrawing the voltage, the membranes would become hydrophobic again. Bulky molecules like rotaxanes can respond to electrochemical impulses or to changes in proton concentration nearby by changing their conformation. They are being considered for potential application as artificial molecular muscles, but could be also useful if attached to membrane surfaces 226 .
In addition to wettability, the pore size of certain electric-responsive gels (e.g. polyelectrolyte) can be changed by applying voltage and the membrane can act as an electrically activated "permeation valve" regulating the transport of specific solutes through the membrane 227 . The changes in pore size is attributed to the gel deformation under an electric field which causes anisotropic swelling or deswelling when its charged ions are directed toward the anode or cathode side of the gel. The deformation and hence the pore size is influenced by several factors such as pH or salt concentration, position of the gel relative to the electrodes, thickness, shape and chemical properties of the gel, and the applied voltage. The advanced techniques of grafting gels onto membranes were aforementioned.
Another method to tailor a membrane with electro-responsive properties is to integrate the β-cyclodextrin (β-CD)/ferrocene (Fc) complexes into the membrane 228 . Applying an electric field would charge the Fc and induce the complex to dissociate and turn the membrane into electro-responsive. In the study, poly(tetrafluoroethylene) was used as the base membrane, which was initially grafted with Fc and subsequently crosslinked with β-CD. Under an electric field, the membrane expressed self-cleaning capability by efficiently removing foulants and restoring their original filtration performance.
Electrochemically responsive surfaces, which could be useful for membranes could be prepared by attaching hydrophobic chains with negatively charged tips. This was demonstrated by Lahann et al 229 for mercaptohexadecanoic acid molecules on gold surface. If electrical potential is applied, the negatively charged tips (carboxylic groups) are bended to the surface exposing the hydrophobic part of the chain.
Photo-response
It is has been reported that molecules like azobenzene suffer reversible isomeric changes of conformation by illumination with UV light 230 . The cis form is more hydrophobic and less expanded than the trans. The introduction of similar segments into membranes would also selectively change their flow rates through changes in wettability or formation of photoadaptative membrane gates for ion or molecule permeation. Isomerization under UV light is also observed for other photo-chromic molecules like pyrimidine 231 , diarylethene 232 , viologen 233 and spiropyran 234 . Photo-responsive membranes can be obtained by preparing from monomers or polymers containing photo-chromic groups 235 , functionalizing membrane pores/surfaces with photo-responsive polymers 236 or embedding photo-switchable carriers into membranes 237 . A comprehensive review on photo-responsive polymeric membranes was recently done by Nicoletta et al 238 .
pH-and ionic strength-response
pH and ionic strength are other stimuli to lead to changes in membrane properties. Response to pH changes is generally due to protonation/deprotonation of ionizable side groups of polyelectrolytes such as carboxyl, pyridine, imidazole, and dibuthylamine groups [239] [240] . For non-porous membranes embedded with pH-sensitive carriers, swelling/deswelling of the carriers caused by pH changes can control membrane permeability and selectivity. For porous membranes, layers of pH-sensitive polymers grafted on pore walls can reversibly change their pore size which eventually affects permeability and/or selectivity. For instance, an high pH environment causes deprotonation of poly(acrylic acid) gels which leads to its swelling to enhance solute permeation 241 . Opposite phenomenon occurs under low pH conditions. These responses make pH-responsive membranes potential in applications such as solute permeation control, self-cleaning or size and charge selective filtration and fractionation. The response of these membranes to various pH values also depends on solution ionic strength and hence ionic strength is also considered as a stimulus.
Final remarks
The research on nanotechnology is dramatically growing in the last years. Many of the innovative approaches reported for other applications can be adapted to tailor membrane surface and pore size. Micro-patterning of membranes has been successfully used to increase their surface and flow 242 . Taking in account the different approaches mentioned in this paper and combining other nanofabrication methods like photolithography, layer-by-layer assembling 243 and conventional methods of membrane preparation it will be possible to tune pores and surface functionalities. Some years ago, the membrane field seemed to be stagnated, after testing a large range of available homopolymers for manufacture, which in many cases was up-scaled and brought to successful implementation in industrial separation processes. With the application of recent achievements of nanoscience, new challenges for membrane development are now becoming reality and it is clear that innumerous possibilities are still open for exploration. 4 . Acknowledgement
